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Autophagy triggered by magnolol derivative negatively 
regulates angiogenesis 

S Kumar^ SK Guru\ AS Pathania^ ^ A Kumar\ S Bhushan^ and F Malik*'^'^ 

Angiogenesis has a key role in the tumor progression and metastasis; targeting endothelial cell proliferation has emerged as a 
promising therapeutic strategy for the prevention of cancer. Previous studies have revealed a complex association between the 
process of angiogenesis and autophagy and its outcome on tumorigenesis. Autophagy, also known as type-ll cell death, has 
been identified as an alternative way of cell killing in apoptotic-resistant cancer cells. However, its involvement in 
chemoresistance and tumor promotion is also well known. In this study, we used a derivate of natural product magnolol (Ery5), a 
potent autophagy inducer, to study the association between the autophagy and angiogenesis in both in vitro and in vivo model 
system. We found that the robust autophagy triggered by Ery5, inhibited angiogenesis and caused cell death independent of the 
apoptosis in human umbilical cord vein endothelial cells and PC-3 cells. Ery5 induced autophagy effectively inhibited cell 
proliferation, migration, invasion and tube formation. We further demonstrated that Ery5-mediated autophagy and subsequent 
inhibition of angiogenesis was reversed when autophagy was inhibited through 3-methyl adenine and knocking down of key 
autophagy proteins ATG7 and microtubule-associated protein light chain 3. While evaluating the negative regulation of 
autophagy on angiogenesis, it was interesting to find that angiogenic environment produced by the treatment of VEGF and CoCI2 
remarkably downregulated the autophagy and autophagic cell death induced by Ery5. These studies, while disclosing the vital 
role of autophagy in the regulation of angiogenesis, also suggest that the potent modulators of autophagy can lead to the 
development of effective therapeutics in apoptosis-resistant cancer. 
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Cancer progression is a complex process involving different 
cellular and physiological events. Several processes driving 
these events are intricately interconnected leading to tumor- 
igenesis. Angiogenesis is one of the critical processes 
involved in the establishment of the tumor and metastasis. 
Several pro-angiogenic growth factors are secreted into the 
tumor microenvironment that facilitates the formation of new 
blood vessels from pre-existing vasculature. It is a process 
involving cell proliferation, migration, matrix degradation, tube 
formation and vessel maturation. ""'^ A number of therapeutic 
agents have been developed to inhibit these processes to 
achieve reduced blood supply to target tissues and is 
considered as one of the promising strategies in the treatment 
of cancer. Several angiogenesis inhibitors such as sorafenib, 
sunitinib, pazopanib, vandetanib, axitinib, cediranib and 
bevacizumab are either in final stages of their development 
or have been approved as anticancer drugs by FDA.^ 

During tumor growth, low oxygen supply in tumor tissue 
creates hypoxia that stimulates the angiogenesis through the 
upregulation of HIF-1a and VEGF."^ Tumor hypoxia and 
overexpression of HIF1 have been associated with therapeutic 
resistance to anticancer agents, increase in invasion. 



metastasis and poor outcome in malignancies.^ Hypoxia has 
also been shown to activate the process of autophagy, a 
lysosomal degradation pathway, which enables the degrada- 
tion of proteins, carbohydrates and lipids allowing the cell to 
adapt its metabolism and meet its energy needs under 
stress.^ Autophagy also known as type-ll programmed cell 
death is characterized by massive degradation of cellular 
content by the action of lysosomal hydrolases. ^'^ Autophagy 
has important role in various cellular processes and con- 
tributes to many normal and pathological processes. The role 
of autophagy in the regulation of cancer is contentious and 
depends upon tumor type, stage and genetic context.^ On one 
hand autophagy has been reported to inhibit the cell 
proliferation, an alternative to apoptotic death, whereas 
it is also called responsible for its protective role against death 
in cancer cells.''^"'"^ A defective autophagy due to the 
disruption or suppression of autophagy-related gene 
BECN1 was shown to promote tumorigenesis,^^ whereas its 
overexpression was found to have the inhibitory effect.''^ 
BECN1 gene has been found deleted in various cancers, for 
example, 40-75% of human breast, prostate and ovarian 
cancers have defective BE0N1 , suggesting that the defective 
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autophagy may be linked with the tumor development.^^ 
Several tumor suppressors genes have also been found 
associated with the onset of autophagy. Biallelic deletion of 
/Af5f4C(autophagy-related gene), a tumor suppressor gene, in 
mice results in defective autophagy under stressful conditions 
and is responsible for the formation of chemical-induced 
fibrosarcomas.^^ Ultraviolet radiation resistance-associated 
gene (UVRAG) is another tumor suppressor protein that is 
also an important regulator of autophagy. UVRAG interact 
with beclini, leading to autophagy and thus inhibit cancer 
progression.''^ Bif1 is another important protein that interacts 
with beclini through UVRAG and participates in induction of 
autophagy by acting as a positive regulator of PI3KG3; loss 
of Bif1 resulted in reduced activity of PI3KC3 and knockout of 
Bif1 promoted spontaneous tumorigenesis in mice.^^ Auto- 
phagy and angiogenesis have been shown to have complex 
relationship in different types of cancers. Many studies have 
revealed that autophagy inhibits angiogenic vasculature,^^'^'' 
whereas other studies suggested that autophagy promotes 
cancer and its inhibition also prevents angiogenesis.^^'^^ 

Target-based natural product anticancer agents are also 
capable of inducing autophagy in cancer cells by different 
mechanisms, like ROS generation, targeting PI3K/AKT or 
RAS signaling pathways with concomitant anti-angiogenic 
potential.^"*"^^ The use of natural compounds capable of 
triggering autophagy-mediated inhibition of angiogenesis and 
cell death in apoptosis-resistant cancer cells can be a 
promising strategy to target highly malignant cancers. 
Magnolol is a natural compound that has been studied to 
have anticancer potential by showing antiproliferative activity 
against different cancer cell lines through the induction of 
apoptosis or autophagy.^^'^° 

In continuation of our recent study showing that a derivative 
of natural product magnolol (Ery5) induces robust autophagic 
cell death in human leukemia HL-60 cells,^^ here for the first 
time we investigated the negative regulation of angiogenesis 
by Ery5-induced autophagy. We used well-studied cell model 
in angiogenesis, human umbilical vein endothelial cell 
(HUVEC) along with highly aggressive tumorigenic and 
metastatic human prostate cancer cell line PC-3.^^ It was 
found that autophagy triggered by Ery5 was capable of 
inhibiting angiogenesis and induction of cancer cell death 
independent of apoptosis, when observed in both in vitro and 
in vivo systems. 

Results 

Ery5 inhibits cell proliferation and attenuates angiogenesis 
in HUVECs and PC-3 cells. Ery5 inhibited cell proliferation 
in HUVECs with IC50 value 10 /iM after 24 h treatment 
(Figure la). Recently, we reported the cell growth inhibitory 
effect of Ery5 in different cell lines including PC-3.^^'^^ In 
PC-3, Ery5 treatment significantly inhibited colony formation 
at 1 fil/\ concentration and was more prominent with 
increasing doses of Ery5 (Figures lb and c). While 
examining the anti-angiogenic effect in HUVECs and PC-3 
cells, it was found that Ery5 significantly inhibited the tube 
formation in HUVECs in a dose-dependent manner. 
Interestingly, the inhibitory potential was better than known 
anti-angiogenic inhibitor 'sunitinib' at the concentration of 



20jaM after 24 h (Figure Id). The inhibitory effect of Ery5 on 
tube formation was more prominent than that on the cell 
viability when observed under lower concentrations (Figure Id, 
Supplementary Figures S2A and S2B). It was observed 
that the cell growth inhibition by Ery5 treatment at the 
concentration of 5 ^M was only 7-8%, whereas inhibition of 
tube formation was about 35%; same was the case with 10 
and 20 ^M treatments. Anti-angiogenic activity of Ery5 was 
further confirmed by its inhibitory effect on cell migration in 
HUVECs and PC-3 cells in a wound-healing experiment 
(Figures 1e and f), the inhibitory effect on migration 
increased with increasing time periods (Figures 1e and f). 
To further evaluate the anti-angiogenic potential of Ery5, an 
ex vivo microvessel sprout formation was determined by 
aortic ring assay that mimics several stages of angiogenesis. 
It was observed that in the absence of Ery5, sprouts 
emerged from the aortic ring and grew outward after 4 days 
in culture with VEGF; however, Ery5 treatment resulted in a 
significant dose-dependent decrease in sprout length and 
density induced by VEGF (Figure 1g). 

Ery5 significantly inhibited the expression of angiogenic 
proteins. Ery5 treatment showed strong inhibitory effect on 
the expression of angiogenic proteins in HUVECs and PC-3 
cells. Essential angiogenic proteins like, VEGFR2, HIFa, 
HIFj5, c-MYC, pAKT and p90RSK were significantly inhibited 
by Ery5 treatment in both HUVECs and PC-3 cells. The 
expression of the receptor of vascular endothelial growth 
factor receptor 2 (VEGFR2), an important target of anti- 
angiogenic drugs, was completely diminished after 6h 
treatment of Ery5 in HUVECs and PC-3 cells (Figures 1h 
and i). Expression of other important angiogenic proteins, 
such as HIFa, HIFj5 and c-MYC also showed significant 
downregulation in 6h, which was further attenuated or 
completely abrogated after 12- and 24-h Ery5 treatments 
(Figures 1h and i). As evident, PI3K and STAT pathways 
have important role in the progression of angiogenesis; 
treatment of Ery5 effectively reduced the expression of 
pAKT, p90RSK and pSTAT3 in HUVECs and PC-3 cells 
starting from 6h (Figures 1h and i). Interestingly, we found 
that the expression of PHD2, an anti-angiogenic factor 
negatively regulating HIFa and HIFj5,^^ was significantly 
elevated in Ery5-treated HUVECs and PC-3 cells (Figure 1i). 

Ery5 induced robust autophagy in PC-3 and HUVECs. 

Ery5-treated HUVECs and PC-3 cells underwent through 
robust induction of autophagy. Ery5-induced autophagy was 
demonstrated by acridine orange staining (AOS) of PC-3 
cells, which measures autophagic acidic vesicular organelles 
(Figure 2a). Autophagy initiation was further confirmed by 
using microtubule-associated protein light chain 3 (LC3)- 
specific immunofluorescence assay, where LC3 puncta per 
cell were counted and shown as bar diagram in Figure 2b. 
Autophagy induction was further confirmed by western blot 
analysis of key autophagic proteins. It was found that Ery5 
enhanced the conversion of LC3-I into LC3-II; a significant 
increase in the expression of LC3-II was observed after 6h 
treatment that was further increased through 12- and 24-h 
treatments (Figure 2c). Ery5 treatment also decreased 
the level of p62, an important regulator of autophagy. 
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Studies have shown that p62/SQSTM1 is recruited to 
autophagosomal membrane through interaction with LC3 
and thus, the lysosomal degradation of autophagosome 
leads to decrease in p62 levels during autophagy.^"^ Further, 
a significant increase in the expression of autophagic protein 
ATG7 was observed in 6-h treatment, which improved with 
the increased treatment periods (Figure 2c). Simultaneously, 
similar to PC-3 cells, robust autophagy induction by Ery5 was 
also observed in HUVECs (Figure 2d). 

Ery5 treatment caused cell cycle arrest and autophagic 
cell death in PC-3 cells. While observing the mode of cell 
death caused by Ery5, a double staining of annexin 
V/propidium iodide (PI) was performed in PC-3 cells at 
various treatment periods. Interestingly, it was found that 
Ery5 was unable to cause any significant impact on the 
induction of apoptosis in PC-3 cells as observed through 
annexin V staining by flow cytometry (Supplementary Figure 
S1A). As mitochondrial dysfunction and decrease in the 
mitochondrial membrane potential are associated with the 
induction of apoptotic cell death, flow cytometric analysis of 
Ery5-treated PC-3 did not show any significant change in the 
mitochondrial membrane potential loss even up to 24 h 
(Supplementary Figure S1 B). While exploring the role of Ery5 
in the inhibition of cell growth, cell cycle analysis was 
performed in PC-3 cells. Cell cycle phase distribution 
analysis displayed prominent arrest in G2 phase that 
increased from 11% in control to 26 and 34% after 12 and 
24 h treatment of Ery5, respectively (Figure 2e). As mitotic 
arrest-mediated cell death refers to the execution of a death 
pathway through different mechanisms including apoptosis, 
autophagy and necrosis,^^ we assume that Ery5-induced 
mitotic arrest and subsequent autophagy has a role in the 
death of PC-3 cells. 

Ery5-induced autophagy inhibits the angiogenesis. 

Induction of the autophagy has been controversially reported 
to have both pro-angiogenic and anti-angiogenic properties. 
As our earlier experiments depicted that Ery5 causes 
autophagy and suppress angiogenesis, we tried to examine 
the role of autophagy in the process of angiogenesis and 
consequential death in PC-3 cells. Cells were incubated with 
3-methyl adenine (3-MA), a known inhibitor of autophagy, 
before the treatment of Ery5, which lead to partial reversal of 
Ery5-mediated cell death (Figure 3a). It was further analyzed 
that 3-MA was able to reverse the expression of pro- 
angiogenic factors like VEGFR2, HIFa, HIF^ and c-MYC in 
Ery5-treated cells (Figure 3b). To further confirm whether 
Ery5-mediated autophagy was responsible for the inhibition 
of angiogenesis, we silenced ATG7 and LC3B, two of the 
important regulators of autophagy activated by Ery5, by 
using specific small interfering RNAs (siRNAs). Our results 
showed that the cell death induced by Ery5 was significantly 
protected in ATG7- and LC3B-silenced PC-3 cells (Figures 
3c and e). This led us to believe that angiogenesis inhibition 
might be reversed in ATG7- and LC3B-silenced PC-3 cells 
and the western blot results revealed that the inhibitory effect 
of Ery5 on angiogenic proteins in ATG7- and LC3B-silenced 
cells was significantly restored. ATG7-silenced sample 
displayed almost complete reversal of HIFa, H\Fp and 



VEGFR2 (Figure 3d). Similarly, in LC3B siRNA-transfected 
PC-3 cells, the expression of VEGFR2 and HIFj5 was 
restored completely and expression of c-MYC was also 
restored to a certain level (Figure 3f). To unravel the effect of 
combined knockdown of LC3 and ATG7 on Ery5-mediated 
autophagic cell death, an impressive protection in cell death 
was observed when compared with mock PC-3 cells treated 
with Ery5 at different time points (Figure 3g). Double 
knockdown of ATG7 and LC3B improved the viability form 
63 to 91%, 46 to 71% and 26 to 70% in 6, 12 and 24 h 
treatments, respectively (Figure 3g). Simultaneously, it was 
also found that the double knockdown of LC3B and ATG7 in 
Ery5-treated cells reversed the expression of key angiogenic 
proteins,VEGFR2, HIFa, HIFj5 and c-MYC when compared 
with Ery5-only-treated cells (Figure 3h). 

Ery5 inhibits the interaction between autophagy and 
angiogenesis. It was interesting to examine how 
Ery5-mediated autophagy downregulates the angiogenesis. 
We tried to rule out whether interaction between the 
autophagy and angiogenic factors facilitates the cross talk 
during the regulation of two processes. The interaction of 
'LC3' with angiogenic factor HIFa and VEGFR2 influencing 
the angiogenesis during the induction of autophagic flux has 
been reported earlier.^^'^^ For this purpose, whole-cell 
extracts from Ery5-treated and -untreated cells were immu- 
noprecipitated with an anti-LC3 antibody followed by the 
western blot analysis of HIFa and VEGFR2. As shown in 
Figure 3i, control cells showed strong association of HIFa 
and VEGFR2 with LC3-II, which disappeared with the 
increasing treatment time points of Ery5. The corresponding 
input from the samples also exhibited comparable expres- 
sion of VEGFR2 and HIFa as obtained from immuno- 
precipitation (Figure 3j). 

Angiogenic environment counteracts Ery5-induced 
autophagy in PC-3 cells. So far, our results demonstrated 
that intervention in the Ery5-mediated autophagy counteracts 
the autophagic cell death and its anti-angiogenic effect. It 
was interesting to investigate the consequence of pro- 
angiogenic environment on the Ery5-induced autophagy, 
and its outcome on cell death. As VEGF and CoCI2 have 
been widely used for the induction of angiogenesis, ^^""^^ 
PC-3 cells were incubated with VEGF and CoCI2 before Ery5 
treatment. The results confirmed that protective effect of 
VEGF and CoCI2 treatments on Ery5-mediated autophagic 
cell death was significant (Figure 4a). This protective effect of 
angiogenesis inducers was augmented with increasing time 
points. In case of cells pretreated with VEGF, the viability of 
the cells was found increased from 66 to 81 %, 46 to 67% and 
27 to 43% after 6, 12 and 24 h treatments, respectively 
(Figure 4a). Similarly, effect on Ery5-mediated autophagic 
cell death was significantly reduced in case of CoCI2 
pretreatment, and protective effect was noticeably better 
than VEGF after 24 h (Figure 4b). Although there are 
contentious reports regarding the association between 
autophagy and angiogenesis, our study showed that auto- 
phagy and angiogenesis are inversely regulated. Some 
studies had recently reported that the anti-angiogenesis 
agents promote autophagy.^° In our experiments, cells 
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Figure 1 Ery5 diminishes angiogenesis in HUVECs and PC-3 cells, (a) Ery5-attenuated HUVEC proliferation. HUVECs were plated in 96-well plates, treated with various 
concentrations of Ery5 for 24 h. MTT was added 3 h before the termination of the experiment; the procedure of the assay is discussed in Materials and Methods. Data are 
mean ± S.D. of three similar experiments; statistical analysis was done by using the Bonferroni method and P-value < 0.05 was considered to be significant with ***p< 0.001 . 
(b and c) Ery5-inhibited colony formation in PC-3 cells. PC-3 cells were treated with different concentrations of Ery5 for 5 days; the procedure of the assay is described in 
Materials and Methods, (d) Ery5-inhibited tube formation in HUVECs. For tube formation assay, 50 //I of extracellular matrix was transferred to each well of a precooled 96-well 
tissue culture plate. Then the plate was incubated at 37 °C for at least 1 h to allow the matrix solution to solidify. HUVECs were added to each well and were allowed to attach 
overnight. Cells were treated with 1 ^M of sunitinib and 5, 10 and 20 /uU of Ery5 for 24 h. The tube formation was observed under an inverted light microscope at x 10 
magnification using an inverted microscope equipped with digital camera (Olympus Imaging Corp.). Ares of formed tubes were measured as described in Materials and 
Methods, (e and f) Ery5-inhibited migration in HUVECs and PC-3 cells. HUVECs and PC-3 cells were plated in six-well plates. A wound was given with a sterile tip. Ery5 
()OfiU) was added for 6, 12 and 24 h. The procedure for the assay is discussed in Materials and Methods, (g) Ery5-attenuated angiogenesis in ex vivo model. Ex vivo 
angiogenesis inhibition was analyzed through aortic arch ring formation assay. The procedure of the experiment is described in Materials and Methods, (h and i) Ery5 
attenuated the expression of angiogenic proteins in PC-3 and HUVECs. Cells (1 x 10^) were plated in 60 mm dishes, cells were allowed to attach and grow and were 
incubated with 10 ^M of Ery5 for 6, 12 and 24 h. Cells were lysed with RlPA buffer, proteins were separated on SDS-PAGE, transferred to PVDF membranes and probed for 
different antibodies as described in Materials and Methods 



pretreated with pro-angiogenic VEGF were subsequently 
treated with Ery5 for various time periods to investigate its 
effect on autophagy. It was found that contrary to the Ery5- 
induced increasing expression of LC3-II from 6 through 24 h 
treatments, cells pretreated with VEGF for the same time 



durations were either unable to express or showed a very 
reduced expression of LG3-II (Figure 4c). As predicted, 
VEGF pretreatment also reversed the inhibitory effect of Ery5 
on various pro-angiogenic factors such as VEGFR2, HIFa, 
HIF^ and c-MYC (Figure 3c). Similarly, CoCI2 treatment also 
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Figure 2 Ery5 induces autophagy in PC-3 cells and HUVECs. (a) PC-3 cells were incubated with 1 0 /iM of Ery5 for 6, 12 and 24 h. AO (1 ^g/ml) was added 15 min before 
termination of the experiment; cells were collected, washed once with PBS and AO fluorescence was observed under fluorescence microscope, (b) Ery5-induced LC3 level in 
PC-3 cells. PC-3 cells were grown on cover slips and treated with 10 /^M of Ery5 for 6, 12 and 24 h. The samples were processed for immunofluorescence as described in 
Materials and Methods. Autophagic puncta per cell were counted and are displayed in the form of bar diagram. Data are mean ± S.D. of three similar experiments; statistical 
analysis was done by using the Bonferroni method and P-value<0.05 was considered to be significant with ***P< 0.001. (c and d) Ery5 activates autophagy in PC-3 and 
HUVEC. PC-3 and HUVECs were seeded in 60 mm dishes and incubated with 10 /iM of Ery5 for 6, 12 and 24 h. Cells were lysed with RlPA buffer, proteins were separated on 
SDS-PAGE and western blots for indicated proteins was done as described in Materials and Methods, (e) Ery5 induces G2 arrest in PC-3 cells. PC-3 cells were plated in 
six-well plate and incubated with 1 0 /iM of Ery5 for indicated time periods. Cell cycle phase distribution was done as described in Materials and Methods. Data are mean ± S.D. 
of three similar experiments; statistical analysis was done by using the Bonferroni method and P-value<0.05 was considered to be significant with **P<0.01 and 
***P< 0.001 

inhibited Ery5- induced autophagy, where effect was even (Figure 4d). Pertinently, the expression levels of pro- 
more prominent when compared with VEGF. CoCI2- angiogenic HIFa, HIFj5, c-MYC and VEGFR2 were retained 
pretreated cells displayed reduced expression of LG3-II in in CoCI2-pretreated cells compared with cells treated with 
comparison with that of the cells treated with Ery5 only Ery5 only (Figure 4d). 
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Ery5-triggered autophagy inhibits angiogenesis 
in vivo. Matrigel plug assay was performed to validate the 
anti-angiogenic effect of Ery5 in vivo. We observed a deep 
red appearance in matrigel containing VEGF (Figure 5a) 
indicating the formation of new vasculature in matrigel. In 
contrast, mice receiving the treatment of Ery5 (50mg/kg) 
matrigel plug showed less vasculature, whereas no vascu- 
lature was found in matrigel plug at 100mg/kg, which 
interestingly was comparable to the group of mice treated 
with 2.5mg/kg sunitinib (Figure 5a). Anti-angiogenic effect 
was also confirmed by estimating the hemoglobin levels 
that were significantly reduced in matrigel plugs of mice 
treated with Ery5 (Figure 5b). Further, protein analysis from 
matrigel plugs displayed that Ery5-induced autophagy could 
inhibit angiogenesis in vivo also. The expression of LC3-II 
was increased in protein samples extracted from matrigel 
plugs treated with Ery5. Contrary to this, expression of 
VEGFR2 was reduced by Ery5 treatment in vivo and the 
inhibition was comparable to that of positive control sunitinib 
(Figure 5c). 

Discussion 

Cancer progression is a complex phenomenon influenced by 
genetic, epigenetic and factors associated with tumor micro- 
environment. Angiogenesis is known to be one of the key 
processes involved in tumor growth, migration and meta- 
stasis. Drugs targeting devascularization in angiogenesis are 
being developed as promising candidates to inhibit tumor 
growth."^^ However, autophagy triggered by anti-angiogenic 
agents has controversially shown to be involved in both cell 
survival and cell death. "^"^"^^ The complex relationship 
between the autophagy and angiogenesis is poorly studied 
and there are several conflicting reports about the role of 
autophagy in the process of angiogenesis and tumor 
progression. In this study, we demonstrated that autophagy 
can negatively regulate angiogenesis and cause cell death 
independent of apoptosis. In one of our recent studies, we 
showed that Ery5, a derivate of natural product Magnalol, 
induced autophagy-mediated cell death in cancer cells.^^ As 
Ery5 induces robust autophagy in cells, we tried to employ 
Ery5 to explore the association between the autophagy and 
angiogenesis. It was interesting to find that Ery5-initiated 
autophagy can restrain tumor growth by inhibiting angiogen- 
esis, leading to cell death. Ery5-induced robust autophagy in 
HUVECs and PC-3 cells was observed by AOS and activation 
of key autophagic proteins. Unlike most chemotherapeutic 
agents that inflict cell death in cancer cells by targeting 
mitochondria, Ery5 treatment could not disrupt mitochondrial 
integrity, as no change was detected in the mitochondrial 
membrane potential. Further, FACS analysis of Annexin/PI 
staining indicated that Ery5-induced cell death was predomi- 
nantly autophagic in nature rather than apoptotic. To confirm 
whether the cell death caused by Ery5 was the consequence 
of autophagy, we pretreated cells with pharmacological 
inhibitors of autophgay and RNAi targeting translation of 
essential autophagy-driving proteins."^^'"^^ Interestingly, it was 
found that inhibition of autophagy by 3-MA enabled partial 
protection of Ery5-induced cell death, whereas in case of 
ATG7 knockdown by siRNA, the protective effect on cell death 



was more pronounced, corroborating that Ery5-arbitrated cell 
death was autophagic in nature. 

Next, we tried to explore the outcome of Ery5-triggered 
autophagy on angiogenesis. It was found that Ery5-induced 
autophagy was able to inhibit angiogenesis both in in vitro 
and in vivo systems. Ery5 treatment inhibited cell migration 
of PC-3 and HUVECs and also repressed microvessel 
growth in ex vivo aortic ring assay. Further, immunoblot 
analysis revealed that Ery5 treatment either downregulated 
or completely abrogated the expression of important 
pro-angiogenic proteins in HUVECs and PC-3 cells. 
Interestingly, during matrigel plug assay in mice, vascularization 
inhibition by Ery5 treatment was found comparable to that of 
sunitinib. 

Pertinently, autophagy inhibition through 3-MA not only 
protected cell death but also reversed the inhibitory effect of 
Ery5 on various angiogenic protein, such as VEGFR2, HIFa, 
HIFj5 and c-MYC. Similarly, when ATG7 expression was 
knocked down by siRNA, a significant decline in the inhibitory 
effect of Ery5 on angiogenesis was observed. ATG7 
knockdown considerably restored the decreased expression 
of VEGFR2, HIFa and HIFj5 in Ery5-treated cells. 
To further evaluate the role of autophagy in the inhibition of 
angiogenesis, expression of another important autophagic 
marker LC3B was silenced using siRNA. It was observed that 
inhibition of autophagy through LC3B silencing also 
decreased the inhibitory effect of Ery5 on the expression 
profile of angiogenic proteins similar to that of ATG7-silenced 
samples. Interestingly, double knockdown of ATG7 and LC3B 
in PC-3 cells showed a dramatic improvement in the cell 
viability in Ery5-treated cells, with concurrent restoration of the 
expression of VEGFR2, HIFa, HIFj5 and c-MYC. To confirm 
the negative regulation of angiogenesis by autophagy in vivo, 
it was imperative to compare the protein expression of tissue 
samples isolated from the mice matrigel angiogenesis model. 
Compared with untreated, samples isolated from Ery5-treated 
mice, generation of autophagy and suppression of angiogenesis 
was confirmed by observing elevated expression of 'LC3-ir 
with concurrent downregulation of angiogenic marker 
'VEGFR2'. 

Although it was demonstrated that autophagy negatively 
regulates angiogenesis, it was imperative to examine the role 
of angiogenic environment on autophagy. Several reports 
have earlier mentioned that angiogenic inhibitors down- 
regulate the autophagy.^^ To explore whether angiogenic 
environment affects the Ery5-triggered autophagy and 
autophagic cell death, angiogenesis was induced through 
VEGF and CoCI2 treatment in PC-3 cells. It was found that 
angiogenic environment inflicted marked reduction in the 
Ery5-triggered autophagy and autophagic cell death. 
A protein-protein interaction of LC3 with VEGFR2 and HIF 
through co-immunoprecipitation also confirmed the cross talk 
between two processes. This led us to believe that there is a 
mechanism of cross-regulation between the two processes. 

In conclusion, our study tried to elucidate the association 
between the two important processes involved in the tumor 
biology by using natural product small molecule. We showed 
that the robust autophagy can inhibit the tumor progression by 
downregulating the angiogenesis and promoting the type-ll 
cell death in apoptosis-resistant cancers. As the induction of 
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autophagic cell death is an alternative to apoptosis in the 
treatment of cancer, a number of chemopreventive dietary 
compounds have been found to initiate autophagy in cancer 
cells."^^ Intervention and modulation of autophagy by using 
natural products can be a promising strategy to find new drug- 
like molecules having significant clinical prospect for the 
treatment of cancer. 

Materials and Methods 

Cell culture, growth conditions and treatments. Human prostate 
carcinoma cells PC-3 and HUVECs were obtained from European Collection of 
Cell Cultures. PC-3 cells were grown in RPMI-1640 medium supplemented with 
10% heat-inactivated fetal bovine serum (FBS), penicillin (100 units/ml), 
streptomycin (100//g/ml), i-glutamine (0.3mg/ml), sodium pyruvate (550mg/ml) 
and NaHCOa (2mg/ml), whereas HUVECs were grown in culture media obtained 
from Millipore, Bangalore, India. Cells were grown in CO2 incubator (Thermocon 
Electron Corporation, Waltham, MA, USA) at 37 °C in an atmosphere of 95% air 
and 5% CO2 with 98% humidity. Ery5, VEGF and Cocl2 were dissolved in DMSO 
and was delivered to cell cultures in complete medium. 

Chemical structure of Ery5. The synthesis of Ery5 from magnolol has 
been described earlier.^^ 

Reagents and chemicals. RPMI-1640(R8758), 3-(4,5-dimethylthiazole-2- 
yl)-2,5-diphenyltetrazolium bromide (MTT) (M2128), penicillin (P3032), streptomy- 
cin (S9137), L-glutamine (G3126), pyruvic acid (107360), ribonuclease A (R6513) 
and protease inhibitor cocktail (P8340) were purchased from Sigma Chemical Co., 
St. Louis, MO, USA. FBS was obtained from GIBCO Invitrogen Corporation 
(number 16000-044, lot number 1237517, Carlsbad, CA, USA). AnnexinV-FITC 
apoptosis detection kit (sc4252), ^g-actin (sc47778) and siRNA transfection reagent 
(SC29528) were purchased from Santa Cruz Biotechnology Incorporation, Texas, 
TX, USA. pAKT (s473) (s4051), pAKT, T308 (s2965), LC3 (s2775), p62(s5114), 
LC3B SiRNA (s6212), ATG7 siRNA (s6604) and anti mouse IgG (s7076) were 
acquired from Cell Signaling Technology, Danvers, MA, USA. Electrophoresis 
reagents, protein markers were acquired from Bio-Rad, Hercules, CA, USA; hyper 
film and ECL plus reagents were purchased from Amersham Biosciences, 
Buckinghamshire, UK. 



Cell proliferation assay. MTT assay was done to check cell viability.^^ 
Briefly, cells were seeded in 96-well plates. MTT dye was added 3 h before the 
termination of experiment. Optical density (OD) was acquired at 570 nm. 

Colony formation assay. PC-3 cells (1 x 10^) were seeded in six-well 
plate. The cells were allowed to attach and fresh media was added the next day; 
1 , 5, 10 and 20 fiM of Ery5 was delivered to cells and were incubated at 37 °C for 
5 days. The cells were then fixed with 4% formaldehyde for lOmin, followed by 
incubation with 0.5% crystal violet for 30min. Photographs were taken with a 
digital camera. 

In vitro angiogenesis assay (wound-healing assay). HUVECs were 
seeded in six-well Bio-Coat cell culture plates (BD Bioscience, San Jose, CA, 
USA) at a concentration of 1 x 10^ cells per ml and maintained in EndoGRO-LS 
Complete Media Kit (Millipore, catalog number-SCMEOOl), whereas PC-3 were 
seeded in six-well plate and maintained in RPMI media. Scratches were given with 
a 200-/il sterile tip. Ery5 for different time periods was delivered to cells in fresh 
culture medium. The wound closure was recorded by photography at 0, 6, 12 and 
24 h after injury using an inverted microscope equipped with digital camera 
(Olympus Imaging Corp., Center Valley, PA, USA). 

Tube formation assay. Tube formation assay was performed according to 
the kit manufacturer's protocol (Millipore, catalog number-ECM 625). Briefly, 
matrix and diluents buffer were thawed at 4°C overnight. Extracellular matrix 
was diluted with diluent buffer before use. The solution was kept on ice to avoid 
solidification. About 50^1 of this solution was transferred to each well of a 
precooled 96-well tissue culture plate. Then the plate was incubated at 37 °C 
for at least 1 h to allow the matrix solution to solidify. The endothelial cells were 
collected and suspended in endothelial cell growth media (EndoGRO-LS 
Complete Media Kit; Millipore, catalog number-SCMEOOl). About 5x10^- 
1x10"^ cells per well were seeded in matrix-coated plate, followed by overnight 
incubation at 37 °C. After formation of cellular network, 5, 10 and 20 fiM of Ery5 
was added for 24 h, sunitinib 1 ^M (24 h) was used as a positive control. The 
tube formation was observed under an inverted light microscope at x 10 
magnification using an inverted microscope equipped with digital camera 
(Olympus Imaging Corp.). Areas of tubes formed were measured using NIH 
image J software (Bethesda, MA, USA) as described earlier.^" 



< 

Figure 3 Autophagy inhibition reversed the expression of angiogenic protiens and improves cell death in PC-3 cells, (a) Inhibition of autophagy through 3-MA improves 
viability inhibited by Ery5 in PC-3 cells. PC-3 cells were plated in 96-well plates, and 3-MA (2 mM) was added 30 min before the addition of Ery5 for 6, 12 and 24 h. Cell viability 
was assessed through MTT assay as described in Materials and Methods. Data are mean ± S.D. of three similar experiments; statistical analysis was done by using the 
Bonferroni method and P-value < 0.05 was considered to be significant with ***p< 0.OOI . (b) 3-MA reversed the expression of angiogenic proteins. PC-3 cells were pretreated 
with 3-MA (2 mM) before treatment with 10 ^M of Ery5 for indicated time periods; cells were collected and lysed using RlPA buffer. Western blot analysis for indicated proteins 
was done as described in Materials and Methods. Quantification for LC3-II was done using image J software. Data are mean ± S.D. of three similar experiments; statistical 
analysis was done by using the Bonferroni method and P-value < 0.05 was considered to be significant with ***P< 0.001. (c) Autophagy inhibition through ATG7 siRNA 
reversed the cell death induced by Ery5 for different time period. PC-3 cells were seeded in six-well plates, ATG7 was silenced through siRNA as described in Materials and 
Methods. Cell viability was determined by MTT assay as described in materials and methods. Data are mean ± S.D. of three similar experiments; statistical analysis was done 
by using the Bonferroni method and P-value < 0.05 was considered to be significant with ***P< 0.001. (d) ATG7 inhibition caused reversal of Ery5-mediated inhibition of 
angiogenic proteins. Cells were seeded in six-well plates; ATG7 was silenced through siRNA as described in Materials and Methods. ATG7 siRNA-transfected and non- 
transfected cells were treated with 10 ^M of Ery5 for 6, 12 and 24 h. Cells were lysed in RlPA buffer and proteins were separated on SDS-PAGE and transferred to PVDF 
membrane. Membranes were probed with different angiogenic and autophagic proteins as described in Materials and Methods. Quantification for LC3-II was done using image 
J software. Data are mean ± S.D. of three similar experiments; statistical analysis was done by using the Bonferroni method and P-value < 0.05 was considered to be 
significant with ***p< 0.OOI . (e) LC3 silencing reversed the inhibitory effect of Ery5 on viability. LC3 was downregulated in PC-3 cells through siRNA as described in Materials 
and Methods. MTT assay was done to calculate cell viability as described in Materials and Methods. Data are mean ± S.D. of three similar experiments; statistical analysis was 
done by using the Bonferroni method and P-value < 0.05 was considered to be significant with ***p< 0.OOI . (f) LC3 inhibition reversed the expression of angiogenic proteins. 
LC3 siRNA-transfected and non-transfected PC-3 cells were treated with 10/iM of Ery5 for indicated time periods. Cells were lysed and proteins were separated on SDS- 
PAGE, transferred to PVDF membranes and membranes were probed for different antibodies. j6-actin was used as an internal control, (g) Cell death induced by Ery5 is 
autophagic. Combined silencing of ATG7 and LC3 improved the viability dramatically in PC-3 cells. siRNA-transfected and non-transfected cells were seeded in 96-well plates 
and treated with 10 ^M of Ery5 for 6, 12 and 24 h. Viability was determined through MTT assay as described above. Data are mean ± S.D. of three similar experiments; 
statistical analysis was done by using the Bonferroni method and P-value < 0.05 was considered to be significant with ***P< 0.001. (h) Combined knockdown of LC3 and 
ATG7 reduced the anti-angiogenic effect of Ery5. Cells were transfected with LC3 and ATG7 siRNA as described in Materials and Methods. Transfected and non-transfected 
cells were treated with 10 /iM of Ery5 for indicated time periods. Western blotter indicated antibodies was done as described in Materials and Methods. Western blotting results 
revealed that combined silencing of LC3 and ATG7 reversed the expression of angiogenic proteins very significantly. j6-actin was used as an internal control, (i) PC-3 cells 
(3 X 10^) were seeded in 90 mm dishes and incubated with Ery5 (lO^M) for different time points. Cells were collected and lysed in non-denaturing lysis buffer and 
immunoprecipitated with LC3 antibody as described in Materials and Methods section. After immunoprecipitation, western blot for indicated proteins was done with 
immunoprecipitated samples as described in Materials and Methods, (j) The figure represents western blot of the input from the IP experiment. Western blot was done as 
described in Materials and Methods 
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Figure 4 Angiogenesis induction reverses Ery5-induced autophagic cell death in PC-3 cells, (a and b)VEGF and Cocl2 improve viability in PC-3 cells. PC-3 cells (6x10^ 
per well) were plated in 96-well plates. Cells were allowed to attach for 24 h, VEGF (20 ng/ml) and Cocl2 (100 fiU/ml) were treated 30 min before treatment of Ery5 for 6, 12 
and 24 h. MTT dye was added 3 h before termination of the experiment and MTT crystal were dissolved in 1 50 /al of DMSO. OD was measured at 570 nm. Percent viability was 
calculated as described in Materials and Methods section. Data are mean ± S.D. of three similar experiments; statistical analysis was done by using the Bonferroni method 
and P-value < 0.05 was considered to be significant with *P< 0.05 and ***P< 0.001 . (c and d) Angiogenesis induction through VEGF and Colc2 inhibited autophagy in PC-3 
cells. PC-3 cells (1 x 10^) were seeded in 60 mm dishes, cells were allowed to attach followed by treatment with VEGF (20 ng/ml) and Cocl2 (100 fiU/ml) 30 min before 
treatment of Ery5 for indicated time periods. After treatment for various indicated time periods, cells were detached and lysed in RlPA buffer; proteins were separated on SDS- 
PAGE and transferred to PVDF membranes. Membranes were probed with different antibodies. The detailed procedure is described in Materials and Methods. Quantification 
for LC3-II was done using image J software. Data are mean ± S.D. of three similar experiments; statistical analysis was done by using the Bonferroni method and 
P-value < 0.05 was considered to be significant with **P<0.01 and ***P< 0.001 



Flow cytometric analysis of apoptosis and necrosis. PC-3 cells 
(0.5 X 10^) were treated with lO^M of Ery5 for different time periods. Cells were 
double stained with annexin V/PI kit by using the manufacturer's protocol. The 
FACS analysis for apoptosis and necrosis was done as described earlier.^^ 

Cell cycle analysis. Cells were treated with Ery5 (10 /iM) for 6, 12 and 24 h, 

collected and washed once with PBS. Pellet was then fixed in 70% ethanol 
overnight, followed by one washing with PBS and incubation with RNAse A for 
90 min at 37 °C. Cells were then stained with PI and acquired in FACS as 
described earlier.^^ 

Measurement of mitochondrial membrane potential (ij/m). 

Mitochondrial membrane potential was measured by using rhodamine-123 
(RH-123). PC-3 cells were treated with Ery5 (10/iM), for 6, 12 and 24h and 
RH-123 (200 nM) was added 30 min before termination of the experiment. FACS 
analysis for loss of the mitochondrial membrane potential (Ai/^m) was done as 
described earlier.^^ 

Microscopic detection of autophagy after AOS. Induction of 
autophagy was analyzed by staining cells with acridine orange (AO) as described 
earlier.^^ Briefly, 0.5 x 10^ cells were seeded in six-well plate and treated with 
Ery5 (10 /iM) for 6, 12 and 24 h. Cells were incubated with 1 ^g/ml AO for 15 min 
before the termination of the experiment and were washed with PBS before 
analysis on fluorescence microscope. 

Immunofluorescence confocal microscopy for LC3 detection. 

After treatment with Ery5 for different time periods, PC-3 cells were fixed in 4% 



paraformaldehyde for 10 min at room temperature and permeabilized using 
0.5% Triton-X in PBS for 5 min. The cells were blocked with 10% goat serum for 
20 min at room temperature. Autophagy was detected with a rabbit LC3B 
antibody (Sigma Chemical Co.) diluted 1 : 100 in 0.1% Triton X-100 in PBS for 
1 h at room temperature and Alexa Fluor 555-conjugated secondary antibody 
(Invitrogen, Carlsbad, CA, USA) diluted 1:500 in PBS for 1h at room 
temperature. Cells were then washed three times in PBS and stained with 
4',6-diamidino-2-phenylindole (1 /uglml in PBS). The cover slips were mounted 
over glass slides and cells were imaged by a laser scanning confocal 
microscope (Olympus Fluoview FV1000) at x40. 

Western blot analysis. Treated and untreated cells were centrifuged at 
400 X g at 4°C, washed in PBS and cell pellets were lysed in RlPA buffer for 
preparation of whole-cell lysate as described earlier.^^ Equal amount of protein 
(60 ^g) was loaded into each well for SDS-PAGE. Blots were incubated with 
different primary antibodies, and chemiluminiscence was captured on hyperfilm 
after incubating the blots in ECL plus solution. 

Immunoprecipitation. PC-3 cells (3 x 10^) were seeded in 90 mm dishes, 
followed by incubation with ^OfiM Ery5 for indicated time points. Cells were lysed 
in denaturing lysis buffer (RlPA buffer). The DNA was denatured by passing 
through syringes. Lysates were exposed to LC3 antibody and lysate antibody 
mixture was kept overnight under constant agitation at 4 °C. Protein agarose A 
bead was added to the lysate antibody mixture and was incubated for overnight 
under constant agitation at 4 °C. Lysates were washed thrice with lysis buffer each 
time centrifuged at 12 000 x at 4 °C. After three washings with lysis buffer, 50 /al 
of 2 X loading buffer was added to each sample and samples were run for 
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Figure 5 Ery5 inhibits angiogenesis and induces autophagy in vivo, (a) C57/BL6J mice (4- to 6-week old) were obtained from central animal facility of Indian Institute of 
Integrative Medicine, Jammu. Matrigel was embedded in mice as described in Materials and Methods. Animals were treated with Ery5 50mg/kg, 100mg/kg and sunitinib 
2.5 mg/kg. Animals were killed on 10th day of experiment, matrigel plug was extracted and photographs were taken as described in Materials and Methods, (b) Hemoglobin 
content was measured from tissue samples as described in Materials and Methods. There was significant decrease in hemoglobin content in samples treated with Ery5, which 
represent its anti-angiogenic activity. Data are mean ± S.D. of three similar experiments; statistical analysis was done by using the Bonferroni method and P-value < 0.05 was 
considered to be significant with ***P< 0.001. (c) Tissue samples from mice (matrigel) were homogenized in a homogenizer, followed by lysing in RlPA buffer. Protein 
estimation was done by the Bradford method, 60 fig protein was loaded in each well. Western blot for indicated antibodies was done as described in Materials and Methods. 
jS-actin was used as an internal control 



SDS-PAGE for 3h. Western blot analysis of immunoprecipitates were further 
performed as described above. 

Small interfering RNA. Human LC3- and ATG7-specific siRNA were 
transfected into PC-3 by using manufacturer's protocol. Briefly, cells were 
incubated in transfection media containing transfection reagent and siRNA for 8h, 
followed by addition of complete media for 48 h. Knocking down of the expression 
of the respective proteins was checked by western blotting. 

Aortic ring assay. Sprague-Dawley rats were obtained from central animal 
facility of Indian Institute Of Integrative Medicine, Jammu, India. Rats were killed 
by cervical dislocation and surface sterilized with 70% ethanol, dissected and aorta 
was removed under aseptic conditions as described earlier.^^ Dissected aortae 
were transferred to petri dishes containing opti MEM, excess of fat tissue was 
removed by forceps, aortae were then embedded in matrigel with or without VEGF 
(30nM/ml), followed by treatment with Ery5 (5, 10 and 15/iM) for 4 days. 
Photographs were taken using DP-72 camera. 

In vivo matrigel angiogenesis assay. C57/BL6J mice (4- to 6-week old) 
were obtained from central animal facility of Indian Institute of Integrative 
Medicine. Female (20-25 gm) C57/BL6J mice were housed and cared under 
standard conditions, with 12:12h light and dark cycle. Animal studies were 
performed in accordance with experimental protocols approved by the animal 
ethics committee of Indian Institute of Integrative Medicine. Animals were injected 
subcutaneously into the right flanks with 0.5 ml ice-cold matrigel (BD Bioscience) 
supplemented with VEGF-A (150ng/ml) and different concentration of Ery5 
(50 and 100 mg/kg BW) and sunitinib (2.5 mg/kg BW); control mice were injected 
with matrigel without VEGF. At the end of each study on day 10, animals were 
killed to remove matrigel plugs, and photographs showing the extent of 
vascularization were taken by using Sony digital camera (Tokyo, Japan). The 
neovascularization of matrigel plugs was quantified by using 4 ml Drabkin's 
reagent by adding well homogenated 20 ml of neovascularized matrigel. After 



thorough mixing, the absorbance was measured by spectrophotometer at a 
wavelength of 540 nm to estimate hemoglobin. The hemoglobin estimation was 
calculated using formula Hb (g/dl) = absorbance of sample/absorbance of 
standard x concentration of standard. 

Statistical analysis. Statistical analysis was done by using the Bonferroni 
method and P-value < 0.05 was considered to be significant with *P<0.05, 
**P<0.01 and ***P< 0.001. 
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